Background
==========

Following the introduction of wide scale scrapie surveillance throughout the European Union in 2002, a number of anomalous positive results were identified in abattoir surveys in several countries \[[@B1]-[@B4]\]. At the same time, a novel strain of scrapie, Nor98, was identified, initially in Norway \[[@B5]\] and, subsequently, in other countries \[[@B6]-[@B9]\]. Several features were recognized as being common between the unusual abattoir results and Nor98, and both are now classified as atypical scrapie, which is distinct from the classical form of disease \[[@B10]\]. Retrospective analysis of samples has since identified atypical scrapie in a sheep from 1989 \[[@B11]\], suggesting atypical scrapie may have been present in sheep for many years.

Although a strong genetic predisposition at the *PrP*gene affecting susceptibility to classical scrapie has been identified \[[@B12]-[@B14]\], such patterns are not as obvious for atypical scrapie. However, associations have been found between atypical scrapie and animals carrying certain alleles, for example, ARR and AHQ \[[@B15]-[@B18]\], both of which are generally associated with resistance to or a longer incubation period of classical disease. A further polymorphism at codon 141 (substitution of leucine (L) to phenylalanine (F), in the ARQ haplotype) has also been linked with increased susceptibility to atypical disease \[[@B15]-[@B18]\].

Data on atypical scrapie from abattoir and fallen stock surveillance in GB, after five years of active surveillance, allows the investigation of patterns in the detectable prevalence of infection within the sampled populations. In particular, if temporal trends are evident from the results, then they may suggest ongoing transmission. Such trends could be a reflection of two things: either, changes in the national flock genotype profile, the denominator, as a result of selective breeding programmes under the National Scrapie Plan for Great Britain (NSP) \[[@B19]\], or changes in the number of cases, the numerator, as a result of transmission. This assumes that all things would be kept equal from a methodological point of view. Variations in the prevalence could also be a result of changes in the sampling programme or due to the application of tests with different sensitivities at different points in time. For example, Tongue and others have reported the increased sensitivity of the BioRad ELISA versus that of the Prionics Check Western blot test \[[@B20]\]. The latter was used in both surveys at the beginning of 2002. Temporal changes in the prevalence between genotypes are likely to reflect specific genotypic differences affecting susceptibility to disease. Further to this, if the prevalence of atypical scrapie differs between the two surveys, then this may allow comparison of risk factors within their respective target populations.

Within this research we investigated temporal trends in the occurrence of atypical scrapie using the results of the abattoir and fallen stock surveys, initially examining the overall prevalence, but then stratifying by sampling year and the three main codons (136, 154 and 171) on the *PrP*gene associated with classical scrapie. Comparison of the prevalence of atypical scrapie between the surveys was also undertaken.

Methods
=======

The scope, samples and data collected in the GB abattoir and fallen stock surveys have previously been described elsewhere \[[@B2],[@B21],[@B22]\]. The results of the abattoir surveys were used to provide the number and *PrP*genotype of samples positive for atypical scrapie, and the number of animals tested each year between 2002 and 2006 (Figures [1a, b](#F1){ref-type="fig"}). Two diagnostic tests were used on samples taken in 2002: the Bio-Rad Platelia ELISA \[[@B23]\], and the Prionics Check Western blot (WB; \[[@B24]\]); in subsequent years only the Bio-Rad ELISA was used (Figure [1a](#F1){ref-type="fig"}). Importantly, it is not clear whether the Prionics WB was able to detect atypical scrapie \[[@B10]\], and the results for this test were not utilised within the study.

![**Surveillance data on atypical scrapie in Great Britain (GB)**. (*a*) Number of animals tested within the abattoir surveys by year and diagnostic test. (*b*) *PrP*genotype distribution of samples which were positive for atypical scrapie each year in the abattoir surveys. (*c*) Number of animals found dead on farm tested between 2003 and 2006. (*d*) *PrP*genotype distribution of samples which were positive for atypical scrapie each year in the fallen stock surveys.](1746-6148-4-13-1){#F1}

The *PrP*genotypes of animals negative for atypical scrapie were calculated according to the availability of data for each year, for those animals of known genotypes. All animals were genotyped in 2002, though there were around 1000 animals for which this information was missing. The genotype distribution for these animals was assumed to be the same as for those with known genotypes. All animals sampled between January and March 2003 were genotyped, and samples for the remainder of the year were assumed to have the same genotype distribution. Only positive samples were genotyped after 2003 and, hence, the genotypes of the animals sampled for 2004, 2005 and 2006 were estimated from the population structure of the national flock based on data from the NSP \[see Additional file [1](#S1){ref-type="supplementary-material"}: table 1, for the population structure\].

The results of the fallen stock surveys were used to provide the number and *PrP*genotype of samples positive for atypical scrapie (Figure [1c, d](#F1){ref-type="fig"}), and the number of animals tested each year between 2003 and 2006. The *PrP*genotypes of animals sampled in the fallen stock surveys are only known for positive samples. The genotype distribution for negative samples in each year was estimated from the population structure of the national flock based on data from the NSP \[see Additional file [1](#S1){ref-type="supplementary-material"}: Table 2, for the population structure\]. All animals were tested using the Bio-Rad ELISA. Data from a survey in 2002 were not included in the analyses, because of the small sample size (913 animals) and test used (Prionics WB, which would not detect atypical scrapie).

The prevalence of atypical scrapie was estimated as number of positive samples divided by the number tested, with 95% confidence intervals (CI) for the prevalence calculated using the Wilson score interval \[[@B25],[@B26]\]. Differences within and between the abattoir and fallen stock surveys in the overall and annual prevalence were assessed using chi-squared or Fisher exact tests. Further analyses used generalised linear models (GLM) with binomial errors and logit link functions to assess different aspects of the surveillance results. The first model was used to assess temporal trends in prevalence, and whether these differed between surveys (i.e. the initial model included year and survey with an interaction between them). The second was used to assess differences in prevalence amongst *PrP*genotypes and whether these differed between surveys (i.e. the initial model included *PrP*genotype and survey with an interaction between them). The third and final model was used to assess whether there were temporal trends in prevalence in different *PrP*genotypes (i.e. the initial model included year and *PrP*genotype with an interaction between them). As no atypical positives have been identified for certain *PrP*genotypes, this model was examined both with and without the inclusion of these *PrP*genotypes to check they did not influence the potential effects of year as an explanatory variable. This analysis used quasi-binomial errors to correct over-dispersion in the data, and was undertaken only for the abattoir survey; equivalent analysis using the fallen stock data was not undertaken because there were too few positive samples. All models were constructed using backward stepwise deletion of insignificant terms (*P*\> 0.05).

Results
=======

The estimated prevalence of atypical scrapie from the results of the abattoir and fallen stock surveys for all years combined were 0.09% (95% confidence interval (CI): 0.08%--0.11%) and 0.07% (95% CI: 0.05%--0.11%), respectively. These results were not significantly different from each other (*P*= 0.59), nor were there any differences in the annual prevalence between the abattoir and fallen stock surveys (2003, *P*= 0.46; 2004, *P*= 0.99; 2005, *P*= 0.23; and 2006, *P*= 0.69) (Figure [2a](#F2){ref-type="fig"}).

![**Estimated prevalence of atypical scrapie in GB per 100 animals tested as part of the abattoir and fallen stock surveys, between 2002 and 2006, or 2003 and 2006, respectively**. (*a*) by year; (*b*) by *PrP*genotype in the abattoir surveys; and (*c*) by *PrP*genotype in the fallen stock surveys. Symbols show the estimates, and error bars the 95% confidence limits calculated using the Wilson score interval.](1746-6148-4-13-2){#F2}

There was no significant temporal trend in the prevalence of atypical scrapie (*P*= 0.69), nor any difference in prevalence between the two surveys (*P*= 0.51) (Figure [2a](#F2){ref-type="fig"}). Furthermore, there were no significant differences in prevalence estimates within *PrP*genotypes for the two surveys (*P*= 0.46; Figure [2b](#F2){ref-type="fig"} and [2c](#F2){ref-type="fig"}).

In the generalised linear model (GLM) for the abattoir survey results which included year and *PrP*genotype, there was no significant effect of year (*P*= 0.32), but there was a significant effect of *PrP*genotype (*P*\< 0.001), suggesting that the prevalence of atypical scrapie in each genotype did not change over time (Figures [2a](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}). The prevalence in ARR/AHQ, AHQ/ARH and ARH/ARQ was not significantly different from that in AHQ/AHQ (the baseline), the prevalence in AHQ/ARQ was around one half that of AHQ/AHQ, and the prevalence in ARR/ARR, ARR/ARQ, ARQ/ARQ and ARQ/VRQ was around one tenth that of AHQ/AHQ; for the remaining genotypes, no positive samples were found (Table [1](#T1){ref-type="table"}; Figures [2b](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}). Although no formal analysis was undertaken, a similar pattern was observed in the fallen stock survey results (Figures [2c](#F2){ref-type="fig"} and [4](#F4){ref-type="fig"}; cf. Figures [2b](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}).

![**Estimated prevalence of atypical scrapie per 100 animals tested as part of the abattoir survey for each year stratified by *PrP*genotype**. (*a*) 2002, (*b*) 2003, (*c*) 2004, (*d*) 2005 and (*e*) 2006. Symbols show the estimates, and error bars the 95% confidence limits calculated using the Wilson score interval.](1746-6148-4-13-3){#F3}

###### 

Genotype-specific risk of atypical scrapie being detected in an abattoir survey. (An odds ratio shown in bold is significantly (*P*\< 0.05) different from the baseline (AHQ/AHQ).

               Odds ratio          
  ------------ ------------ ------ ------
  ARR/ARR      **0.07**     0.03   0.19
  ARR/AHQ      0.47         0.21   1.06
  ARR/ARH^†^   0            \-     \-
  ARR/ARQ      **0.07**     0.03   0.18
  AHQ/AHQ^‡^   1            \-     \-
  AHQ/ARH      0.36         0.03   4.84
  AHQ/ARQ      **0.39**     0.17   0.92
  ARH/ARH^†^   0            \-     \-
  ARH/ARQ      0.50         0.04   6.70
  ARQ/ARQ      **0.13**     0.05   0.33
  ARR/VRQ^†^   0            \-     \-
  AHQ/VRQ^†^   0            \-     \-
  ARH/VRQ^†^   0            \-     \-
  ARQ/VRQ      **0.06**     0.00   0.84
  VRQ/VRQ^†^   0            \-     \-

^†^no positive samples for this genotype.

^‡^baseline genotype

![**Estimated prevalence of atypical scrapie per 100 animals tested as part of the fallen stock survey for each year stratified by *PrP*genotype**. (*a*) 2003, (*b*) 2004, (*c*) 2005 and (*d*) 2006. Symbols show the estimates and error bars the 95% confidence limits calculated using the Wilson score interval.](1746-6148-4-13-4){#F4}

Discussion
==========

In this paper the temporal trends in the occurrence of atypical scrapie were examined, under the premise that if they exist they may provide some evidence for an infectious nature to the disease, through on-going transmission. Further to this, differences in the prevalence of atypical scrapie between abattoir and fallen stock surveys were also examined, as this could lead to comparison of risk factors within their respective target populations.

The prevalence of atypical scrapie was around 0.1% for both the abattoir and fallen stock surveys and, moreover, it did not vary significantly between surveys or years (Figure [2a](#F2){ref-type="fig"}). This confirms the results of a comparison of scrapie surveillance streams across the EU, using a meta-analysis approach \[[@B27]\]. It is in marked contrast to classical scrapie, where there was large variation in the frequency estimates of scrapie between the abattoir and fallen stock surveys across countries within the EU \[[@B28],[@B29]\].

There were significant differences in the prevalence of atypical scrapie amongst *PrP*genotypes (Figures [2b, c](#F2){ref-type="fig"}, [3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}). The highest prevalence was in the AHQ/AHQ genotype, with other AHQ-bearing genotypes also having a higher prevalence compared with non-AHQ-bearing genotypes. This is similar to previous studies of atypical scrapie, which have also identified an increased risk associated with the AHQ allele \[[@B15],[@B17],[@B18],[@B30]\]. Furthermore, a leucine (L) to phenylalanine (F) substitution at codon 141 of the ARQ haplotype is associated with an increased risk of atypical scrapie \[[@B17]\], but data on this polymorphism were not collected routinely between 2002 and 2006, though they will be in future years \[[@B31]\]. Distinguishing between AL~141~RQ- and AF~141~RQ-bearing genotypes may highlight differences in prevalence in these genotypes, which are not apparent in this study. A high frequency of the AF~141~RQ polymorphism within animals of the ARH/ARQ genotype may also explain the apparent high risk of atypical scrapie in this genotype \[[@B17]\].

In addition, the *PrP*genotypes affected by atypical scrapie are markedly different from those affected by classical scrapie \[[@B18],[@B30]\]. Notably, the atypical positives tend to be detected in animals carrying the ARR or AHQ alleles (Figure [1b, d](#F1){ref-type="fig"}) while classical positives in GB tend to be detected in animals carrying the VRQ allele. Only the ARQ allele is found in both atypical and classical positives, but differentiating between animals carrying AL~141~RQ and AF~141~RQ may indicate differences here too.

Although the prevalence of atypical scrapie has not changed over time within individual *PrP*genotypes (Figures [3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}), the overall prevalence could still change temporally if the frequency of *PrP*genotypes were to change, for example, as a result of selective breeding under the NSP. There has, however, been little effect of the NSP on AHQ: the frequency of this allele in ram lambs genotyped for the NSP has remained approximately constant at around 7% \[[@B32]\]. Moreover, the frequency of the ARQ allele in ram lambs has changed only slightly, decreasing from 29% in 2002 to 22% in 2004 \[[@B32]\]. The relatively small changes in the frequency of alleles associated with atypical scrapie helps explain why the overall prevalence has not changed significantly over time. This is in marked contrast to classical scrapie, where the frequency of the allele associated with the highest risk (VRQ) has decreased from 3.0% in 2002 to 1.7% in 2004 \[[@B32]\] in parallel with a decrease in prevalence.

One potential short-coming of comparisons in the prevalence between abattoir and fallen stock surveys, is that each survey may target a different population or event (infection vs. clinical disease). However, the lack of information on the pre-clinical phase of atypical scrapie makes it difficult to identify precisely how the prevalence may differ between the abattoir and fallen stock populations. For example, the detectable prevalence in each survey could differ if there were differences in the ages or stage of incubation of animals sampled in the two surveys. However, age data are available for the fallen stock surveys, but not the abattoir surveys, making such a comparison impossible. Moreover, stratifying prevalence by age as well as *PrP*genotype will further reduce the number of animals in each age and genotype class and, hence, the statistical power of any comparison. In addition, the high ratio of cases identified through abattoir (126) and fallen stock surveys (23) compared to statutory reporting (six) \[[@B8]\] suggests that the age-at-onset of clinical signs for atypical scrapie is much later than the commercial life-span of a sheep.

It must be remembered that the analyses in this study have required data on the *PrP*genotypes of both positive and negative samples. Although this information is routinely collected for the positive samples, it was only available for negative samples collected in the abattoir surveys between January 2002 and March 2003, and not at all for samples collected in the fallen stock surveys. Consequently, the *PrP*genotypes of negative samples have been inferred from the *PrP*genotype frequencies in the national flock \[see Additional file [1](#S1){ref-type="supplementary-material"}\]. The estimates for the prevalence of atypical scrapie will clearly depend on the robustness of the inferred frequencies of these genotypes, but this is very difficult to assess. Moreover, any biases in the data used to infer the *PrP*genotypes would result in biases in the risk estimates \[[@B14]\]. The NSP data used were derived from a voluntary ram genotyping scheme in purebred flocks. This scheme requires culling or castration of VRQ-bearing rams \[[@B19]\] and, hence, may underestimate the frequency of these *PrP*genotypes. It is essential that future surveys collect genotype data on at least a proportion of negative samples to allow full use of the surveillance data. This will become more important as the genotype profile of the national flock changes through the impact of the NSP.

Conclusion
==========

The results of this study indicate that the prevalence of atypical scrapie did not change significantly between 2002 and 2006. Furthermore, it did not differ significantly between the abattoir and fallen stock surveys, which is not the case for classical scrapie. The absence of temporal trends in the prevalence of atypical scrapie adds to evidence that this may be a sporadic condition or, if it is infectious, the force of infection is very low. Recent experimental work has demonstrated that atypical scrapie is transmissible \[[@B33]\], but the evidence for whether or not it is infectious is mixed. Examination of demographic factors and trading patterns has suggested transmission of atypical scrapie could be occurring, albeit slowly \[[@B34]\], suggesting it could be infectious. By contrast, a case-control study of Nor98 in Norway found no risk factors to indicate transmission between flocks \[[@B35]\], suggesting atypical scrapie is sporadic. Ultimately, a combination of evidence from case-control studies, spatio-temporal analysis and laboratory experiments will be necessary to determine whether this disease is infectious or sporadic in nature. A similar approach was utilised in the case of arguments surrounding sporadic- versus variant-Creutzfeldt-Jakob disease \[[@B36]\].
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